We present a combined experimental/theoretical study of the coverage and frequency dependence of surface (enhanced) resonance Raman scattering [S (E) RRS] of cobalt phthalocyanine (CoPc) on CaF2 roughened silver films. The experimental spectra indicate a rather strong coverage dependence at very low coverage for excitation at or close to the molecular resonance frequency, with a peak at 0.07 monolayer (ML) followed by a rapid decrease above that. This coverage dependence differs strongly with observations on smooth films, where a much weaker dependence is observed. At very low coverage on the rough Ag films S(E)RRS enhancements comparable to SERS are observed. To model this coverage dependence, we consider the electromagnetic interactions between the adsorbate and substrate, with the substrate modeled as a metal spheroid and the adsorbate as a layer with variable coverage. Two models for this layer are considered, an effective medium model in which the layer is taken to have a coverage dependent dielectric constant, and a coupled dipole model in which both the molecules and metal are taken to be polarizable dipoles. The dependence of field enhancement and S (E) RRS intensity is studied for these two models as a function of frequency, coverage, and Stokes shift. It is found that although there are differences between the two models, the coverage dependence is similar in both, with peak intensities at about 0.1 ML for reasonably prolate spheroids. These models also demonstrate that the drop in intensity above 0.1 ML arises from damping of the plasmon resonance by the adsorbed layer. Interadsorbate interactions are found to playa role in determining the coverage dependence of the S(E)RRS intensity that is secondary to this damping. The large enhancements seen below 0.1 ML suggest that excited state quenching by the surface is not important for this nonfluorescent molecule.
I. INTRODUCTION
The discovery of surface enhanced Raman scattering (SERS) 1 has served to stimulate extensive interest in the interaction of electromagnetic radiation with molecules adsorbed onto rough metal surfaces. 2 As a result, a host of new surface enhanced spectroscopies in addition to SERS has been developed, including absorption,3 fluorescence,3(al,4 photochemistry, 5 harmonic generation,6 and resonance Raman scattering (RRS).I (bl,2(al,7-24 Perhaps the most enigmatic of these surface spectroscopies has been surface (enhanced) resonance Raman spectroscopy [S (E) RRS ], which, unlike SERS, seems to show wide and even conflicting variations in enhancement factors with adsorbate and with environment, leading to equally wide variations in theoretical models.
In one of the earliest discussions ofS(E)RRs 2 (al it was noted that certain dye molecules exhibited tremendous intensities on SERS active surfaces, suggesting that the total S(E)RRS intensity arises from independent contributions of resonant Raman and surface Raman enhancement mechanisms. More detailed work done since then has indicated that S (E) RRS intensities are often larger than normal SERS intensities,1 (bl,2(al,4(bl,7-17 but only some of the reported S(E)RRS enhancement factors are comparable to the 10 5 _ 10 6 enhancement commonly obtained in SERS. 7 -11 Reports of S(E)RRS enhancement factors ofless than 10 5 4(bl,12-20 have led to the formulation of a variety of mechanisms for why S(E)RRS enhancements are smaller than SERS enhancements, including (1) larger distances of the chromophoric group from the metal surface l2 (al (for large molecules), (2) shift of the electronic absorption frequency to a longer wavelength, 15 and (3) lifetime broadening of the excited electronic state. 14, 15, 19 The observation by many groups of S (E) RRS intensities that are only slightly greater than SERS intensities has led Efrima et al. 19 , 20 to conclude that, with a few exceptions, surface enhancement does not occur in S(E)RRS. Within the context of the electromagnetic mechanism 2 ,25 that has been so successful in explaining SERS enhancements, this conclusion assumes that the intensity increase expected from enhanced local fields is more than offset by a reduction arising from lifetime broadening.
A key reason for the uncertainty concerning the magnitude of S(E)RRS enhancement factors is the absence of careful surface coverage measurements in most of the experiments. The most detailed studies done to date 7 (bl,II.17,19 have used the indirect approach of varying coverage by varying the bulk concentration in the surrounding solvent. The trend observed in these studies is that of increasing S (E) RRS intensity with increasing concentration starting at very low concentration (10-9 to 10-11 M) and gradually leveling off at higher concentration (near 10-4 M). In a different kind of study it was found that for thick copper phthalocyanine films evaporated onto Ag island films, the Raman intensity 4190 Zeman et al.: Cobalt phthalocyanine on rough Ag films varies nonlinearly with thickness and has a maximum value at a thickness of 600 A. 24 However, the incident wavelength used in this study was 100 nm shorter than the resonance wavelength of CuPc, so it is not clear that this is actually a S(E)RRS measurement.
Most of the detailed coverage dependence studies refer to SERS rather than S(E)RRS, and the most extensive SERS work refers to pyridine on silver surfaces in ultra high vacuum (UHv).25(a),26-31 Ethylene 32 and C0 33 on silver in UHV and cyanide on a silver island film in air 34 have also been examined. While the object of the UHV experiments was to determine whether or not SERS persists for molecules beyond the first monolayer, some groups observed an anomalous, nonlinear dependence of the intensity of some Raman bands on coverage. 2 6-28,34 The nonlinear coverage dependence of the Raman intensity of the symmetric mode of ethylene adsorbed on coldly evaporated silver in UHV was attributed by Pockrand 26 to either (1) a limited number of special (adatom) SER active sites on the surface, or (2) a nonlinear uptake of C 2 H 4 with exposure by the silver surface. Others attribute the anomalous coverage dependence to a depolarizing influence of neighboring adsorbates. 26 (b) .27,30 (b) .34 Theoretical work by Chew, Wang, and Kerker, 35 calculating the effect on SERS of dipole-dipole interactions between two neighboring molecules on spherical silver particles (radius = 10--100 nm), shows a 15% decrease in Raman intensity as the dipoles approach as close as 2 nm (with no qualitative change in enhancement). Murray and Bodoff 34 and Giergiel et al. 30(b) calculate the depolarizing effect of interacting molecules adsorbed on a "planar" silver substrate on the microscopic local field by summing the dipole fields from the adsorbates and their images and are thereby able to reproduce the nonlinear coverage dependence of CN-and pyridine on silver films. Murray and Bodoff also point out that their measured shift of the extinction maximum of the silver film on going from zero to 50% coverage is small ( 30 nm) compared to the linewidth ( 250 nm), suggesting that a shift of the island resonance is a secondary effect on the change in RS intensity with coverage, compared to the depolarizing effect of nearby adsorbates. 34 (b) However, in the case of highly absorbing adsorbates or overlayers, the influence of the adsorbed molecules on modifying the dielectric environment of the substrate can no longer be ignored. 3 ,36-38 Studies of the optical absorption of dyecoated silver-island films show that with increasing dye coverage an anomalous splitting of the plasma resonance of the silver-island film appears.3 The two resulting absorption peaks do not correspond to independent dye molecule and silver particle plasmon resonances, but have been attributed by Glass et al. to a strong coupling between adsorbed dye molecules and the metal particles which is dependent on the degree of overlap between their absorbance spectra. 3 (b) ,3(C) Garoff and co-workers have noted that when the particle plasmon is excited, there is less power absorbed by a coated silver particle than by an uncoated particle and that the dispersion of the real part of the dye dielectric alters the spectral shape of the particle plasmon resonance, resulting in splitting. 3 (d) Calculations of the optical response of dye coated spheroids (in the electrostatic limit) show a splitting of the absorbance for the composite particles 3 (b),3(d),36-38 as well as a nonlinear dependence of the Raman enhancemene 6 and the absorption enhancemene 7 on the dye overlayer thickness. Kotler and Nitzan point out that, while the splitting of the absorption spectrum appears to be due to shell geometry rather than a metal-dye interaction, the influence of the adsorbate layer on the dielectric environment of the metal substrate may be responsible, in part, for the difference between resonant and nonresonant electromagnetic phenomena of adsorbed molecules. 36
The object of this paper is to study the coverage dependence of S (E) RRS in detail through a combination of experimental measurements and theoretical modeling, with the goal of assessing the role of adsorbate/plasmon interactions in determining apparent S(E)RRS enhancement factors. Our work will be directed toward just one system, cobalt phthalocyanine (CoPc) on evaporated metal films. This probe molecule was chosen because ( 1 ) CoPc is not fluorescent,39 which means that solution RRS spectra may be studied, and thus surface enhancement factors may be determined quantitatively, (2) Co Pc absorbs strongly at 650 nm, which is convenient for S(E)RRS studies and also overlaps almost perfectly with particle plasmon resonances that are expected to be most important in producing surface enhancement, (3) CoPc surface coverage may be determined accurately by spectrophotometric measurements on solutions obtained by rinsing the adsorbate from the metal films. The absence of fluorescence from CoPc also means that its intrinsic excited state lifetime must be short, which should minimize surface induced broadening, and should therefore emphasize coverage dependent effects associated with adsorbate-adsorbate interactions and adsorbate induced damping of the substrate plasmon excitations.
To study the results of the experiments we will develop two closely related electrodynamic models, both of which consider the interaction of a single metal spheroidally shaped particle with an absorbing layer of molecules having variable coverage.
The first model takes the layer to be a mixture of solvent and solute whose dielectric properties are determined by an effective medium approach. The inner boundary of this layer is assumed to be the metal spheroid, and the outer boundary is a confocal spheroidally shaped surface that separates it from a homogeneous (solvent) medium. The optical response of the metal spheroid is determined by the measured bulk dielectric constants for silver corrected for finite size effects. The optical response of the effective medium is determined by the optical properties of both the ambient medium and the adsorbate, and is dependent on the adsorbate surface concentration. We will refer to this model as the layered spheroid (LS) model [ Fig. 1 (a) ].
The second model consists of a prolate metal spheroid surrounded by a submonolayer of adsorbate molecules, which are approximated by point dipoles whose optical response is Lorentzian. For simplicity the molecules are identical, isotropic, and spherical in shape. The molecules are placed tangential to the surface, randomly occupying sites on a regular lattice surrounding the spheroid. The coverage for both models has semimajor and semiminor axes a and b, respectively, and a dielectric constant Em' The applied field points along the major axes and the ambient dielectric constant is Eo' (a) The overlayer is a confocal spheroid with semi major and semiminor axes a' and b', respectively. The effective dielectric constant of the shell is E L . (b) Spherical "molecules," placed tangential to the metal spheroid, have radii c and a dielectric constant Ed' is defined as the percentage of available sites that are occupied. The second model will be referred to as the coupled dipole (CD) model [Fig. l(b) ].
The results of calculations using both of these models show that even at low coverage the absorbing adsorbate can profoundly affect the enhancing properties of a metal particle. The interadsorbate interactions appear to be a secondary effect, even at the adsorbate resonance frequency where polarizations are large.
To summarize the rest of the paper, in Sec. II we describe the experiments and in Sec. III we present the experimental results. The models used to interpret the experiments are introduced in Sec. IV and the results from calculations using these models are presented in Sec. V (along with a discussion of the comparison with experiment). Section VI summarizes our conclusions.
II. EXPERIMENTAL
Two sample morphologies have been used for this investigation: smooth chromium films and calcium fluoride roughened films overcoated with silver. CaF 2 , Ag, and CoPc were vapor deposited onto 1 in. 2 glass substrates in a modified CVE-14 evaporator with a base pressure of 2X 10- Torr. The substrates were cleaned with methanol and exposed to concentrated ammonium hydroxide, then sputtered using a Harrick model PDC-3XG plasma cleaner to remove any impurities left by the methanol/ammonium hydroxide treatment. Samples were stored in liquid nitrogen between the time of preparation and measurement. Scanning electron micrograph (SEM) studies were undertaken in order to characterize the surface morphology of the CaF2 roughened Ag films. A thick film of CaF 2 was deposited onto a polished aluminum SEM stub and was coated with a 1000 A Ag film. SEMs obtained from a Cambridge Instruments Stereoscan 200 reveal that the CaF2 roughened surface is composed oflong 200 nm wide zigzag ridges between which lie isolated and clustered 250 nm diameter bumps. Covering the entire surface are smaller bumps which are less than 100 nm in diameter. These surfaces were found to produce CoPc S (E) RRS enhancements at low coverage of 1.1 X 10 5 with respect to a smooth Cr surface. These same CaF2 roughened silver surfaces produced a SERS enhancement of 1.7 X 10 5 for the 1008 cm -1 band of pyridine excited with 20 mW of514.5 nm radiation.
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Coverage was determined spectrophotometrically from standard pyridine solutions containing dissolved CoPc rinsed from the metal films as described in Ref. 39. Absorption measurements were performed on a Beckman DU-7 UV-visible spectrophotometer. It was found that glass, thick Ag film, and thick chromium film substrates were coated with about 6% less CoPc than the CaF 2 roughened silver substrate.
The system for producing the Raman spectra has been described earlier. 39, 40 This arrangement was modified to spin the substrate at 1750 rpm in order to eliminate laser damage to the sample.
The enhancement factor was determined by comparing the SERR intensities of CoPc adsorbed onto the roughened silver films to those on the non-SER-active Cr film. Because the signal intensity varied greatly between the substrates studied, the laser power was scaled to match the observed intensities in order to maintain a good signal to noise ratio. The 647.1 nm line ofa Kr+ laser was used with a power of 10 mW for the CaF2 roughened Ag films and 300 mW for the Cr films. To increase the signal to noise ratio for low laser power, longer integration times were used. The resulting intensity of the 683 cm -1 band of CoPc as a function of adsorbate coverage for the thick chromium and CaF 2 roughened silver substrates is shown in Fig. 2 . The intensities are reported in counts s -1 W-1 to account for the different laser powers and integration times.
III. RESULTS AND DISCUSSION
Figure 2 (a) shows that the Raman intensity of the 683 cm -1 band of CoPc on Cr films increases linearly with coverage between zero and one monolayer. At coverage higher than 1 ML the band intensity levels off and at -2 ML the intensity once again increases with coverage. On the rough Ag substrate [Fig. 2 (b) ] the dependence of the CoPc RRS intensity on coverage is much more dramatic. The intensity rises with coverage at very low coverage and peaks at a coverage of 0.067 ML. As the coverage increases further to 0.5 ML the intensity drops rapidly, and then above 0.5 ML the intensity decreases slowly. Repeated measurements confirm this unusual behavior. If, however, the rough Ag film is replaced by a smooth Ag film, the coverage dependence is much weaker and the Raman intensities are much lower (comparable to the Cr film results).
The relative intensities of the Raman bands in the CoPc spectrum are also coverage dependent. Figure 3 shows that the intensity ratio of the 683 cm -1 band to the 1544 cm- the relative intensity of these bands remains constant with coverage. When 514.5 nm excitation is used (off resonance for CoPc) the relative intensity of these bands on the rough Ag films is also coverage independent. We now discuss the significance of the results just presented. One of the most important results is that even though the CoPc is being irradiated at a frequency that is very close to its peak absorption frequency, the peak Raman enhancement on the roughened Ag films is comparable to SERS enhancement factors obtained for nonresonant adsorbates. This suggests that the lifetimes of the excited states of CoPc populated during S(E)RRS excitation are not significantly shortened by the availability of new decay channels on the Ag substrate. In light of the fact that CoPc is not fluorescent, this observation is not surprising, but it does suggest that energy transfer to the surface plasmons is slower than intramolecular relaxation in CoPc. Quantitative values ofthe intramolecular relaxation lifetimes are not known, but they could easily be in the subpicosecond range. Estimates of the rate of energy transfer to surfaces range from 10 9 to 10 14 s -I, so it is not clear that one process is always faster than the other. Nonetheless, CoPc appears to be a molecule for which the intramolecular rate is faster.
A second important result of the Raman measurements is that the enhancement factor decreases rapidly for CoPc on the rough Ag surface above 0.1 ML coverage. Since a strong coverage dependence is not seen for submonolayer coverage on Cr, it appears that interadsorbate depolarization is not responsible for this unusual coverage dependence. The other obvious mechanism for this coverage dependence is reduction of the electromagnetic enhancement factor with increasing adsorbate surface concentration due to damping of the plasmon resonance by the adsorbate. Since it is difficult to say, without a calculation, whether or not this mechanism is sufficiently strong to have the observed effect, we will turn our attention in the rest of this manuscript to theoretical models which estimate the importance of this mechanism. The influence of interadsorbate depolarization will at the same time be considered.
A third important experimental result is that the relative band intensities change significantly with coverage for CoPc on rough Ag but not on smooth Cr surfaces. Since the incident frequency is quite close to the adsorbate electronic excitation energy, the Stokes shifted field can be at a preresonance energy for large enough Stokes shifts. If we assume (and later we will justify) that the Raman intensity increases monotonically with coverage for pre-resonant frequencies, then for larger Stokes shifts, higher coverage should be more favorable. Our theoretical studies in Sec. IV will test the validity of this explanation.
IV. THEORETICAL MODELS
The basic theory underlying S(E)RRS has been presented by Weitz et al. 14 (a) and expanded upon by Efrima. 20 In this theory, the S(E)RRS intensity is found to be proportional to three terms, the surface electromagnetic field at the incident frequency, the corresponding field at the Stokes shifted frequency, and the resonant Raman scattering tensor. The first two terms are coverage dependent since the field at each molecule depends on induced polarization in the other molecules and on interaction of these molecules with the substrate. The third term describes the interaction of the molecular excited states with the surface and with other molecules. If the interactions with other molecules were to cause a significant change in the excited state lifetimes then the third term would also be coverage dependent. However, our experimental results for CoPc do not indicate significant lifetime broadening (at least at low coverage) from coupling either to other molecules or to the surface, so it appears that in modeling the coverage dependence of the S(E)RRS intensities seen in Fig. 2 only the surface electromagnetic field enhancement terms need to be considered.
To determine the electromagnetic field enhancements, we model the rough metal surface as a single metal prolate spheroid with a layer of adsorbed molecules that is embedded in a homogeneous medium. The spheroid model has often been used to study SERS,2.3 and has been quite successful in explaining qualitative effects such as the size, shape, and frequency dependence of the enhancements. Isolated layered spheroid models have been used to calculate the optical properties of particles with nonresonant dielectric overlayers. 41 ,42 These studies all show a red shifting and broadening of the metal particle plasmon resonance as the dielectric layer thickness increases. Similar models have been used to study the effect of a resonantly absorbing overlayer on roughened metal surfaces. In the latter model, the absorption of two-dimensional arrays of spheres 3 (bl and spheroids,38 and of an isolated dye coated metal spheroid 3 (dl.36.37 has been calculated.
As indicated in the Introduction, the electrodynamics of the coated spheroid will be treated by two related models which we call the layered spheroid (LS) and coupled dipole (CD) models. The LS model is intended to provide an adsorbate/substrate system where the electrodynamics can be treated accurately, but the dielectric constants in the layer are approximated by effective medium theories that are actually appropriate for flat surfaces. Our model differs from those used in some of the previous studies in that the adsorbate coverage is described not by the layer thickness, but by an effective medium within the layer. The CD model provides an adsorbate/substrate system where polarization of the adsorbed layer is treated more accurately than that in the LS model (no effective medium approximation is used), but the electrodynamics is treated more approximately (i.e., coupled dipoles rather than the multi pole treatment implicit in the LS calculation). The consideration of dipole-dipole interactions between neighboring adsorbate molecules has been central to several studies of the optical properties of molecules adsorbed on surfaces. It has been found that if the molecules are small compared to their average spacing, the dominant electromagnetic interaction between the molecules is dipolar in nature,30 (b) ,34.37,43 although in some systems other interactions arising from overlap of electronic wave functions or an indirect interaction mediated by the metal substrate may become important.
43 (b) .43(C l By comparing results from these two models with each other, we hope to be able to establish how significant the approximations associated with either model are, and from this, how reliable is the comparison with experiment.
For both models the metal spheroid is taken to have a major axis of 2b and a minor axis of 2a. A constant field Eo is applied along the b axis and the magnitUde of b is taken to be less than the wavelength of the applied field so that only the lowest order corrections to the static (LaPlace) approximation to Maxwell's equations need to be considered. Applied fields parallel to the minor axis are not considered, due to the fact that the plasmon resonances induced by these field components occur at higher frequencies where resonances are strongly damped or are at a frequency too high to be easily studied.
For both models the electrodynamic corrections to the induced dipole moment in the spheroid are obtained using an approach initially developed by Meier and Wokaun for spheres 44 and generalized by Zeman and Schatz 45 for spheroids. These corrections lead to damping of the plasmon resonances, and cause broadening and red shifting of these resonances in larger particles. Bulk dielectric constants are used to describe the optical response of the metal spheroid, but for small particles we correct these dielectric constants for scattering of the conduction electrons from the metal particle surfaces using a method also described in Ref. 45 .
At this point the similarities between the two models end and it becomes expedient to discuss their further details separately.
A. The layered spheroid model
The LS model is based on an earlier reported spheroid model 45 in which the Laplace (static) equation is solved for the field EJoc just outside the surface of the prolate metal spheroid. The field is then corrected for electrodynamic effects as mentioned above, squared, and averaged over the spheroid surface. The LS solution differs from that of the uncoated spheroid in that boundary conditions have to be satisfied at two interfaces rather than at one. Actually, the solution for the field around the surface of the metal spheroid for the LS model differs from the bare spheroid solution only by a multiplicative factor; which is dependent on the spheroid geometries and the dielectric functions of the three regions. Thus the expression for the square of the field averaged over an arbitrary spheroid, defined by the spheroidal coordinate'; 46 which is confocal with and outside of the metal spheroid (i.e., .; 
QI(S) = {(S/2)ln[(s + l)/(S-l)])· (3)
Here QIO is QI evaluated at the metal surface (i.e., at S = So), Ql1 is QI evaluated at the outer surface (i.e., at S = SI) ' and ;0 = (Em -Eo)/(Em + XEo) (4) with Em being the metal dielectric constant, Eeff being the effective medium dielectric constant of the layer, and Eo being that outside the layer. Finally, the parameter X in Eq. (4) is given by X= -1 +{QI(So)[SO-1]}-I. (5) This parameter is dependent on the eccentricity of the spheroid and is important in determining the frequency of the plasmon resonance. The layer dependent multiplicative factor referred to above is the factor 1 G 12/ j2 in Eq. (1).
The enhancement R LS of the electric field is the ratio of the squared surface field (I E 12) to the square of the applied field IEoI2:
The Raman intensity is proportional to R LS (w ), to R LS (w -aw), to the adsorbate coverage e, and to the square of the molecular polarizability ad (w) (at the inciden t frequency) :
A simple model for the molecular polarizability utilizes the Claussius-Mossoti relation and is given by (8) where c is the molecular radius and Ed is the complex frequency dependent dielectric constant for the molecule. For CoPc, a Lorentzian is used to describe the dye dielectric constant (following Craighead and Glass 3 (b) , as in (9) where S is an extinction normalization factor, Wo is the electronic excitation frequency, and r is the electronic excited state width. S, which is proportional to the oscillator strength, can be adjusted to give the desired maximum value for Im(E d ).
We take the layer thickness to be equal to the diameter of the adsorbate [which, for Eq. (8) to hold, must have a spherically symmetric polarizability tensor]. The medium within the layer which surrounds the adsorbate is equivalent to the ambient medium described by the dielectric constant Eo ' The effective dielectric response of the layer was determined using three different models. The simplest model is based on the definition of the effective dielectric function in an infinite 2D composite introduced by Bergman in Eq. We have found that the dependence of R LS and I LS on frequency, spheroid size and shape, and coverage is nearly identical regardless of which of the three effective dielectric constant models is used. This indicates that the intermolecular dipole interactions accounted for in the effective medium treatment are very weak compared to the effect of the complex frequency dependent dielectric layer on the local field at the surface of the spheroid. For this reason, only the results of the first effective medium model [Eq. (10)] will be presented.
Perhaps the biggest defect of the LS model is that the interaction between dipoles induced in the layer is not treated on equal footing with the interaction between the layer and the spheroid. Assessing the importance of this defect will be an important part of our analysis.
B. The coupled dipole model
The CD model begins with a prolate metal spheroid surrounded by a monolayer array of adsorbate sites. The sites are filled at random by adsorbate molecules, the percentage of sites occupied being equivalent to the coverage e. We assume that the molecules are identical in volume and pol arizability, are spherical in shape (radius = c), and have a polarizability tensor which is diagonal and spherically symmetric.
The center of each molecule is taken to be a distance c from the metal spheroid surface and can approach no closer than a distance of 2c to the center of its nearest neighbor.
The dipole moment of the ith particle in the system is given by
where N is the number of particles in the system (N -1 adsorbate molecules and the metal spheroid), a i is the polarizability of the ith particle, and My is the interaction matrix which describes the dipole-dipole interaction between the ith and jth particles.
(12) The applied field Eo is assumed oriented along the spheroid axis of rotation. I is the identity matrix and k = 21TIA.
To solve Eq. (11), we rearrange it into the following matrix vector equation:
(13) where M, I, and u are 3N X 3N matrices, with M representing the ensemble of dipole-dipole interaction matrices, I the identity matrix, a the ensemble of pol ariz ability matrices, and J.l. is a vector of induced dipole moments to all the particles including the spheroid.
To calculate the matrix elements in Eq. (13), we must supply molecular and metal spheroid polarizabilities, and the interparticle distances 1 r ij I. The molecular polarizabilities are assumed to be given by Eq. (8). The polarizability of the metal spheroid has parallel and perpendicular components with respect to the z axis given by
where X is dependent on the eccentricity of the spheroid 
The field enhancement factor we compute for the CD model, R CD ' is the ratio of the z component of the overall adsorbate dipole moment (where z is parallel to the spheroid axis of rotation) for the total ensemble to the sum of the z components of the dipole moments of the N -1 noninteracting adsorbate particles:
The overall Raman intensity factor is given by 
In doing the CD calculations, the number of occupied sites was taken to be equal to the number of available sites times the fractional surface coverage. Three different sets of occupied sites were randomly chosen and values of RCD and f CD were calculated for each set. Final values for RCD and fCD were determined by averaging the results of these three calculations. This was necessary because of the sensitivity of the results to the distribution of the occupied sites on the surface both with respect to their location on the metal spheroid and their proximity to one another. 
V. RESULTS OF MODEL CALCULATIONS

A. Details of theoretical results
Values of R CD ' R LS
WO'
As the sp resonance energy shifts to lower energies with increasing aspect ratio, it approaches the dye resonance energyat 1.887 eV with a large overlap of the two resonances occurring for the 4:1,5:1, and 6:1 spheroids. The similarity between the energy dependence of the field enhancement for these two rather different models is striking, although important differences do exist. For instance, for RCD the resonance peaks are broader, the splitting is greater, and the dip in enhancement occurs at a higher energy than for R Ls ' This type of splitting has been observed in the absorption spectra of dye coated Ag island films.3 In experiments in which the sp resonance frequency of the substrate was controlled through the Ag island film mass thickness, it was observed that as the sp resonance energy of the uncoated Ag film approaches the resonance energy of the adsorbed dye (Rhodamine B), the absorption resonance splits into two peaks. 3 (a).3(d) The Raman excitation profiles (lLs and /CD ) in Figs. 4 and 5 are for the Raman band at 683 cm -I for several spheroid aspect ratios. The differences between the incident frequency dependence of/ LS and / CD are readily apparen t. The dependence of / LS on frequency for 0.1 ML is characterized by a very narrow peak centered around the molecular resonance energy near 2 e V with shoulders at higher or lower energy depending on the metal spheroid aspect ratio. On the other hand, the / CD frequency dependence consists of a broad peak with a broad shoulder and, unlike /LS' the frequency of the /CD peak is strongly dependent on the metal spheroid aspect ratio, partially tracking the sp resonance frequency.
In order to illustrate the effect of varying coverage on the results, in Figs. 6 and 7 we plotR Ls , R cD , /LS' and/ cD as a function of incident energy for a 4: 1 silver spheroid with a varying sub monolayer CoPc coverage ranging from 0.05 to 0.6 ML. The results of the LS model in Fig. 6(a) show an increased splitting of the sp resonance as the dye coverage increases, with the sp resonance shifting slightly toward the blue and the dip in the field enhancement near 2 eV approaching zero only for > 50% dye coverage. Both R LS peaks decrease with increasing coverage and remain in or near the "envelope" of the uncoated sp resonance peak.
The splitting of RCD [ Fig. 7 (a) 1 by the resonant adsorbate is much more dramatic. As the coverage increases the two resulting ReD peaks shift further apart and begin to take on the characteristics of two unique resonances. This difference is further demonstrated by the increase in the lower energy RCD peak with increasing coverage, just the opposite of what is observed for R Ls ' A similar trend in the splitting of the Ag plasmon resonance is observed in the absorption spectra of dye coated films.3 As the dye concentration of the solution used to coat the metal films in these experiments is increased, the two absorption peaks shift further apart in energy.3 (b) .3(d) Figure 6 (b) illustrates the LS model Raman excitation profile for the 683 cm -1 band. The / LS excitation profile is characterized by a narrow peak near the molecular resonance frequency (1.887 eV), which shifts almost imperceptibly to the blue with increasing coverage. Shoulders at both higher and lower energies become more prominent with increasing coverage, shifting away from the molecular reso- nance energy. Comparison of Fig. 6 (b) with 6(a) reveals that the energies at which the shoulder peaks appear correspond to the energies at which the peak LS field enhancements occur. It is interesting to note that while the LS field enhancement peak is damped by increased adsorbate coverage, the Raman intensity at the corresponding energy increases.
In Fig. 7 (b) we have plotted the CD model excitation profile for the 683 em -I Raman band for several values of CoPc coverage. As noted earlier in comparing of Figs. 4(b) and 5(b) , theI Ls andl cD Raman excitation profiles differ in many significant ways. While the peak CD Raman intensity increases and is strongly red shifted with increasing coverage, the I LS peak near 2 eV has an optimum coverage near 0.3 ML and is not significantly shifted with changes in coverage. The I LS shoulders do increase with increasing coverage, but shift the predominant excitation energy to the blue rather than to the red as in the case of I CD .
One can draw several conclusions upon studying Figs. 4-7. In the LS model the electromagnetic field enhancement is a result of the sp resonance which is perturbed by the resonant optical response of the layer. The LS Raman excitation profile consists of "doublet" and "triplet" peaks at higher coverage indicating that two separate resonances contribute to hs: the molecular resonance, and the sp resonance.
Since the LS field enhancement is the simple product of the field enhancement of an uncoated spheroid and a prefactor [Eq. 2(c)] which depends on the (frequency dependent) molecular polarizability, it is apparent that these two resonances are not dynamically coupled which explains why their influence is separated in Figs. 4 and 6 . On the other hand, in the CD model, the molecular and metallic induced dipoles are coupled explicitly. One can imagine two limits to this coupling: (1) a weak coupling, which would result in perturbed resonances which retain their original characteristics, and (2) strong coupling in which the resonances couple to create new effective resonances which retain little of the character of either parent resonance. Examples of both of these limits are apparent in our results. Weak coupling can occur in two cases. When the sp resonance and the molecular resonance are not close in energy there is little or no coupling between the resonances and both preserve their original characteristics as is the case for the 3: 1, 2: 1, and 1: 1 12 nm spheroids in Fig. Sea) . Weak coupling may also occur at very low coverage. This is illustrated by the 0.05 ML RCD energy dependence in Fig. 7 (a) which shows molecular and sp resonance peaks which are only slightly shifted from their uncoupled positions. Strong coupling occurs in the opposite cases: when the molecular and sp resonances are close in energy, and when there is a high surface concentration of adsorbed dye. This is evident in Fig. 7 (a) for coverage > 0.1
ML.
Let us now consider the contribution to the field enhancement associated with dipolar interaction between the adsorbed molecules. This can be analyzed in the CD model by setting the interaction matrix elements Mij equal to zero whenever both particle i and particle j represent molecules, so that the dipolar interaction between them is ignored in the calculation of R CD ' The percent contribution of the interadsorbate interaction (lAI) to the total field enhancement is the difference between RCD calculated in the usual way and RCD calculated without IAI divided by the usual R CD ' The percent IAI contribution to the total field enhancement is plotted in Fig. 8 which the field enhancement is quite small. As might be expected, the IAI effect is even less important for coverage less than 0.3 ML, and as a result, IAI does not make a major contribution to the coverage dependence of ReD and leD in Fig. 5 . A variety of effects contribute to this result, including the fact that on curved surfaces there are both polarizing and depolarizing contributions to IAI, leading to partial cancellation. In addition, for very prolate spheroids, most of the molecules are located at the waist of the spheroid where field enhancement and therefore IAI are small. Notice how these conclusions concerning the S(E)RRS intensities differ from those for SERS developed by Murray and Bodoff.34 They found that the nonlinear coverage dependence of cyanide SERS intensity (which peaks at a coverage of -0.3 ML) is completely due to depolarizing interactions between adsorbed cyanide anions polarized perpendicular to a "flat" Ag surface. Now let us consider the coverage dependence of the Raman intensity for the 683 and 1544 cm -I bands of CoPc. Figure 9 plots leD vs coverage for both of these bands for coated spheroids of various shapes. The corresponding LS model plot is very similar, with peak intensities which occur at nearly the same coverages as for the CD model as long as b fa»3: 1. In addition, for both models the 1544 cm-I band intensity peaks at a higher coverage than does the 683 cm -1 band. The most striking feature of Fig. 9 is the appearance of peak Raman intensities at very low coverage for the more prolate spheroids and the slightly higher optimum coverage for larger Stokes shifted bands. In Sec. V B we will compare these results with the experimental coverage dependence. 
B. Comparison of experimental and theoretical results
Although the experimentally prepared surfaces have a random distribution of particle shapes, Figs. 4 and 5 indicate that the Raman intensity maximizes for aspect ratios of 4-5, so it is likely that the coverage dependence is controlled by particles with these shapes. Figure 9 indicates that for the 683 cm -I line, the coverage dependence peaks at -0.06 ML for b fa = 5 and at 0.12 ML for b fa = 4. These results are in good correspondence with the peak seen in Fig. 2(b) , with the b fa = 5 results being closer. Moreover, Fig. 9 indicates that spheroids with b fa> 5 have the same coverage dependence as for b fa = 5, so our conclusion concerning coverage dependence is not especially sensitive to the shape distribution provided that it is dominated by very prolate spheroids.
Another way to characterize the coverage dependence is to consider the ratio of intensities of the 683 cm -1 band between the peak intensity and that at 0.5 ML. Figure 2 (b) indicates that this ratio is about 3 while the values in Fig.  9 (a) are 8 for 4: 1 and 11 for 5: 1. The corresponding LS model ratios are 3 for 4: 1 and 10 for 5: 1. Although this ratio is rather sensitive to which model and which b fa ratio is considered, the experimental and theoretical results are at least in rough correspondence.
A less precise comparison between theory and experiment is possible for Fig. 3 , where we found that the relative intensity of the more Stokes shifted lines was higher at higher coverage. Figure 9 does indicate that the intensities for a given b fa peak at higher coverage for higher Stokes shifts but the differences are generally rather small. This is due to the fact that the magnitude of the Stokes shift between 1544 and 683 cm -I is only 0.107 eV, which is less than the width of the CoPc absorption band. Figure 3 shows a much larger difference in the relative intensities of these lines between low coverage and high coverage, indicating that substantial differentiation within the absorption bandwidth is possible. Part of this probably arises from differences between the band frequency and width for adsorbed and bulk phase molecules. Such differences would be important in the comparison of Figs. 3 (b) and 3 (a) because Fig. 3 (b) involves multilayer coverage where substantial contributions from bulk scattering are present, while Fig. 3(a) involves submonolayer coverage. Differences between the relative intensities of different Raman lines for bulk and surface mole-. cules 2 (a).2 (b) are probably also important in this comparison.
VI. CONCLUSION
Perhaps the most interesting conclusion of this paper is that the very low (-0.1 ML) coverage peak S(E)RRS intensities for Co Pc irradiated near its resonance frequency are due to quenching of the surface plasmon resonance by the adsorbate. At 0.1 ML coverage, the S (E) RRS enhancements are comparable to SERS enhancements but at monolayer coverage the apparent S(E)RRS enhancements are much smaller. Interadsorbate interactions play some role in determining the coverage dependence of S (E) RRS, but not the dominant role. Depending on the size and shape of the particle, and the frequency, IAI effects can either decrease or increase the intensity.
While these conclusions resulted from studies on one specific molecule, CoPc, the basic phenomena that we found to be important probably playa role in all S(E)RRS experiments. Certainly our results suggest that one should be cautious in interpreting S(E)RRS experiments where the surface coverage dependence of the intensities has not been carefully studied, particularly for very low coverage.
A number of new experiments are suggested as a result of this work. For CoPc, the excitation frequency dependence of the intensities for different coverages (analogous to Figs.  4-7) would provide an excellent test of the models, and would help to determine if the molecular absorption width and frequency change with coverage. It would also be useful to study S(E)RRS intensities as a function of coverage at very low coverage ( < 0.1 ML) for fluorescent molecules to see if the expected reduction in S (E) RRS intensities due to adsorbate excited state quenching can be observed separately from damping of the plasmon resonance by the adsorbate. The precise coverage where intensity maximizes was found to depend on substrate structure in our calculation. Confirming this experimentally by varying this structure would be valuable in confirming the model.
Other important conclusicns of this work concern the comparisons of the LS and CD models. Since the LS model is much easier to use than the CD model, it is significant that many properties from LS and CD calculations are quite similar, most notably the dependence of the Raman intensity on coverage for excitation at the molecular resonance frequency. There are also notable differences between the LS and CD results, particularly outside the absorption bandwidth, where the CD results are representative of collective plasmon/molecule resonances under conditions in which the two resonances overlap significantly while the LS results are missing this dynamic coupling. This indicates that effective medium theories developed for flat surfaces that were used in the LS calculations are not entirely adequate for treating curved surfaces.
